Male and female Alderley Park rats were treated for 26 wk with ZENECA ZD6888, an angiotensin II (All) antagonist, at doses of 25, 50, and 250 mg/kg/day and the kidneys examined by light and electron microscopy. Nephropathy (tubular degeneration and regeneration), thickening of the basal lamina, mononuclear cell infiltration, and hypertrophy and hyperplasia of the juxtaglomerular apparatus were seen by light microscopy. Ultrastructurally, juxtaglomerular cell granules were increased in number and displayed substantial structural heterogeneity. In some cells, granules contained paracrystalline inclusions while others consisted predominantly of myelinic debris. Evidence ofconversion of arteriolar smooth muscle cells into juxtaglomerular cells and their degeneration was also obtained by electron microscopy. The juxtaglomerular changes were treatment-and dose-related and were attributed to an exaggerated pharmacological action of the compound, that is, ZD6888-mediated blockade of All receptors leading to competitive inhibition of the All-mediated release of renin. The resemblance between the findings seen in the present study following administration of an All antagonist and those due to angiotensin-converting enzyme inhibitors reported by others was striking.
INTRODUCTION
The treatment of hypertension has evolved substantially in recent years. Therapy with beta-blockers is now supplemented by angiotensin-converting enzyme (ACE) inhibitors and angiotensin II (All) antagonists. Attention is now focused on hormonal control of blood pressure, and it is therefore of fundamental importance that the role of the renin-angiotensin system, and the ways in which agents can influence its function, are understood. Renin is secreted by the juxtaglomerular apparatus (JGA), which consists of vascular and tubular components and is located at the vascular pole of the glomerulus. The vascular component comprises the afferent and efferent glomerular arterioles and the extraglomerular mesangium, whereas the macula densa, a specialized segment of the distal tubule in contact with afferent and efferent arterioles, constitutes the tubular component. The juxtaglomerular cells (located in the media of the afferent arteriole) secrete renin, which converts circulating angiotensinogen to angiotensin I. All is formed by the action of ACE on angiotensin I and has vasoconstrictor activity via AII receptors. Homeostasis is maintained by a negative feedback loop, whereby All inhibits further release of renin (6) .
Interference with the physiological mechanisms associated with JGA homeostasis has led to concerns related to its functional integrity following exposure to agents that disturb normal function. Administration of several novel antihypertensive agents (mainly ACE inhibitors) to rodents has resulted in functional and morphological alterations of the JGA. Indeed, renal changes consisting of hypertrophy and hyperplasia of the juxtaglomerular cells (6. 1 1 ). and a nephrotoxic effect of tubular degeneration followed by regeneration have been reported following administration of ACE inhibitors (12) . Reduced feedback inhibition as a consequence of reduced All TABLE I.-Group mean relative kidney weights. levels is the proposed mechanism for the juxtaglomerular changes observed with ACE inhibitors. All antagonists would be expected to produce similar juxtaglomerular changes due to their hypotensive effect. J.S. MacDonald et al (12) suggested that the nephrotoxicity associated with the ACE inhibitor enalapril consists of 2 components, namely, a direct toxic effect and an indirect influence resulting from an exaggerated pharmacological response leading to hypotension, which exacerbates the direct effect. It is probable that All antagonists would give rise to similar nephrotoxic effects associated with exaggerated pharmacological action. Evidence in support of this contention has been provided by Dominick et al (6) , who reported JGA hypertrophy/hyperplasia in rats given quinapril for up to 4 wk. This paper describes the renal changes seen in rats following administration for 26 wk of ZENECA ZD6888 (2 -ethyl-5,6,7,8 -tetrahydro-4-[2'-(l H-tetrazol-5-yl)biphenyl-4-yl)methoxy]quinoline), an All antagonist, and compares them to findings reported by others (6, 7, (10) (11) (12) 14) following treatment with ACE inhibitors.
METHODS
Study Design. Eighty male and 80 female Alpk : ApfSD (Wistar derived) rats, bred at Alderley Park and aged 3. 5-~. S wk, were acclimatised for 10 days and allocated to 4 treatment groups (20/sex/group). One group served as control, and the others were dosed orally at levels of 25, 50, and 250 mg/kg/day with ZD6888, daily for 26 wk. An additional 10 males and 10 females were allocated to the withdrawal control and high-dose groups and were kept for 6 wk after cessation of dosing prior to euthanasia and necropsy. Cages were of stainless steel, and animals were housed 5 per sex per cage and given food Necropsy and Histopathological Examination. All surviving animals were killed by inhalation of an overdose of halothane (&dquo;Fluothane&dquo;; Zeneca Ltd., Macclesfield, UK) and submitted to a full necropsy.
Kidneys were weighed and fixed in buffered 10% formalin, routinely processed to wax blocks, sectioned at a nominal 5 Am, and stained with hematoxylin and eosin. All kidneys were examined by light microscopy without reference to treatment group. Electron Microscopy. At necropsy, samples of kidney were taken from 5 rats of each sex in control and treated (250 mg/kg/day) groups and fixed by immersion in a solution of 4% glutaraldehyde in 0.1 1 M sodium cacodylate buffer (pH 7.4). They were postfixed in 1 % osmium tetroxide in the same buffer for 2 hr prior to dehydration and embedding in Araldite resin. Semithin (1-llm-thick) sections were stained with 1 % Toluidine blue in borax and examined by light microscopy both for assessment of JGA histological appearance and to identify tissue areas for subsequent preparation of ultrathin sections for ultrastructural investigation. Ultrathin (70-90-nm-thick) sections stained with uranyl and lead salts were examined in a Philips CM 10 transmission electron microscope at an accelerating voltage of 80 kV.
RESULTS

Necropsy
Prior to necropsy, all surviving animals appeared clinically normal. Animals were sacrificed at the termination of the study, and no treatment-related abnormalities were detected in kidneys or other organs.
Group mean kidney weights (%) were elevated at the end of the dosing and withdrawal periods in both sexes (Table I ). The significance of these elevations is uncertain, as no morphological changes other than those detailed below were observed. A reduction in body weight of 8% was seen in males dosed with 250 mg ZD6888/kg/day for 26 wk. (Table II) and occurred focally in the cortical tubules, usually adjacent to glomeruli, and was characterized by thickening of the basal lamina together with tubular basophilia, increased numerical density of tubular epithelial nuclei, and mono-nuclear cell infiltration ( Fig. 1 ). Most animals (95%) dosed at 250 mg/kg/day were affected, and no reduction in incidence or severity of the lesion was observed at the end of the withdrawal period.
Focal or multifocal thickening of the afferent arteriole of the JGA was seen in kidneys of animals that received ZD6888 ( Fig. 2 and Table III ). This change was characterized by thickening of the medial layer of the arteriole, due to hypertrophy and occasionally hyperplasia of the muscle cells, although mitotic figures were not seen. The incidence of afferent arteriolar thickening was greater in males than in females, males being affected at 25 mg/kg/ day, whereas females were not affected at this dose level. Its incidence was reduced in both sexes at the end of the withdrawal period. Moreover, not all afferent arterioles in any one section were affected.
In Toluidine blue-stained resin sections, the lo- cation and distribution of JGAs were clearly identifiable due to the intense blue staining of the juxtaglomerular cell cytoplasmic granules. Normally, in transverse section, each JGA consisted of 2 or 3 layers of JGA cells, which in these immersion-fixed preparations were flattened with a single, spindleshaped nucleus and contained many densely packed cytoplasmic dense granules. Occasional ostensibly binucleate cells were seen, although these may represent sections through indented nuclei. In oblique or longitudinal sections, the JGAs extended for a short distance only (about 2 or 3 cell diameters) as a component of the afferent arteriole.
Administration of ~D6888 produced several alterations in JGA structure in males dosed with 25 mg/kg/day and above and in females dosed with 50 and 250 mg/kg/day. Cellular hypertrophy was a common feature of most JGAs examined and contributed to a substantial increase in medial thickness. These cells often displayed marked cytoplasmic hypergranularity. Other cells exhibited the appearance of a transitional state between smooth muscle and JGA cells whereas some showed cytoplasmic rarefaction. By comparison with controls, the length of the JGA within the afferent arteriole now extended from 4 to 8 cell diameters, as seen in 
Ultrastructural Pathology
Control Group. Cells of the JGA were norrrial as determined by histological and ultrastructural criteria (1, 3, 5, 9) , and a brief description only will be given here.
The predominant cytoplasmic feature of JGA cells was the presence of large numbers of rounded, membrane-bound inclusions that contained an amorphous and homogeneous material of moderate electron density (Fig. 3) . Occasionally, protogranules and vesicles were evident in condensing vacuoles that were usually associated with Golgi complexes (Fig. 4 ). In some cells, heterogeneous dense bodies, which often contained myelinic inclusions, were noted. t'v1itochondria and Golgi complexes were relatively few in number and were distributed ubiq-ultousIN throughout the cytoplasm and in perinuclear locations. respectively. Little rough endoplasmic reticulum (RER) was evident, and this was usually cistemal and undilated in appearance F1LT. c~.-TEM of parts of several cells in a JGA from a treated animal showing increased variation in granule electron density, more myelinic membranous inclusions, and dilated, vesicular RER. Note the increased number of granules containing paracrystalline structures. x 11, 465 . and contained a slightly electron-dense amorphous material. Occasionally, in a few cells, the RER was dilated. Bundles of myofilaments lying subjacent to the plasmalemma were anchored to it at attachment plaques. Smooth muscle cells that lay adjacent to JGA cells exhibited numerous micropinocytotic vesicles and plasmalemmal invaginations. Their cytoplasm contained many bundles of thick and thin myofilaments, fusiform densities, and attachment plaques. Diplosomes were sometimes seen in the perinuclear cytoplasm of JGA cells, indicating their being in interphase. Treatment Group. Greater diversity in both structure and electron density of JGA cell cytoplasmic granules was evident. More cells now contained many granules of normal appearance together with others of heterogeneous structure containing abun- dant membrane and myelinic components (Fig. 5 ). In a greater proportion of JGA cells, these latter inclusions represented the predominant cytoplasmic inclusion. A few myelinic inclusions were associated with cytoplasmic granules, although these were relatively rarely encountered. Condensing vacuoles containing vesicles and protogranules were observed rarely. In some cells. granules containing paracrystalline inclusions were present (Figs. 6 and 7) . The RER was of normal appearance in the majority of cells, although in a large minority dilated cisternae were seen (Fig. 6 ). A common feature of hypergranular JGA cells was vesicular, dilated RER and abundant Golgi complexes (Fig. 6 ). Occasionally. some JGA cells that were identified by their possession of a few c,, toplasmic granules and myofilament attachment plaques exhibited cytoplasmic rarefaction. RER and smooth endoplasmic reticulum vesiculation. and. sometimes. evidence ofearly mitochondrial degeneration (Fig. 8 ). Neighboring Fig. 8 . Note the cell (I) exhibiting features intermediate between the smooth muscle and JGA cell, namely, perinuclear granules enveloped by subplasmalemmal bundles of myofilaments. A neighboring normogranular cell contains moderately distended RER. x 11,320. cells within these JGAs were of hypergranular or transitional appearances. Those JGA cells that were identified by light microscopy as exhibiting a transitional appearance displayed a perinuclear zone containing numerous homogeneous granules and a peripheral cytoplasmic area exhibiting abundant bundles of myofilaments ( Fig. 9 ).
DISCUSSION
The objective of this study was to investigate the effects on the rat kidney of treatment with high doses of the All antagonist ZD6888 for 26 wk. We observed significant changes in the kidney that were consistent with hypeftrophyíhyperplasia of the JGA and with tubular regeneration after previous damage.
Renal changes associated with the administration of ACE inhibitors to rodents are not uncommon.
Hypertrophy and hypergranularity of JGA cells have been demonstrated following treatment with the ACE inhibitors captopril, enalapril, ramipril, quinapril, and SCH 31846 (8) . Two recent reports (6, 11) have described ultrastructural and histological changes in the JGA of rats following quinapril treatment for 4 wk. MacDonald et al (11) cited reports of degenerative tubular changes (which they did not observe in their own work with quinapril) and reversible hypertrophy of renin-producing cells of the JGA after experimental chronic administration of ACE inhibitors. The latter change was attributed to reduced feedback inhibition, which may be consequent upon reduced All levels or hypotension, and was time-and dose-dependent. Further evidence has been provided by Donanbauer and Mayer (7), who reported renal tubular atrophy after administration of ramipril to rats for 3 mo. Zaki et al (14) observed reversible JGA hyperplasia following administration of captopril to rats and mice; female mice were more susceptible than males, and male rats were more susceptible than females. These workers (14) (6) . In their study, increased variability of granule size and hypogranular cells were reported on day 1, whereas JGA cell hypertrophy was evident on day 7. Mitoses were not seen in juxtaglomerular cells, but cells with features of both smooth muscle and granular cells were regarded as evidence of differentiation. Some binucleate juxtaglomerular cells with altered granules were described and considered to be indicative of cytoplasmic solubilization of mature renin granules and autophagy. Myelin figures were interpreted as remnants of renin granules.
Administration of ACE inhibitors to several nonrodent species has also been associated with nephrotoxicity. Donanbauer and Mayer (7) cited a report of renal tubular degeneration in dogs after enalapril administration and reported their own observations of JGA hyperplasia in dogs after 3-12 mo of treatment and in monkeys after 6 mo oftreatment. Moreover, MacDonald et al (12) described tubular necrosis following administration of this compound to dogs as early as 48 hr after treatment and increased basophilia, indicative of regeneration, after 8 days. These authors suggested that the lesion consists of 2 components, namely, a direct toxic effect on the kidney and an indirect influence due to hy-potension as a consequence of an exaggerated pharmacological response. The nephropathy described in the present study is indicative of previous toxic damage, although the design and duration of the study precluded observation of tubular necrosis at early time points. However, it is likely that degenerative and regenerative events in cortical tubules were taking place during part of or, more likely, throughout the 6-mo study period as tubular basophilia was seen in the tissues examined at termination. The interstitial inflammatory cell infiltrates seen after administration of ZD6888 differ from the findings of MacDonald et al (12) , who noted tubular necrosis and regeneration following treatment with enalapril. This suggests that damage to the basal lamina as well as to the tubular epithelium occurred in rats treated with ZD6888.
The renal changes seen following administration of the All antagonist ZD6888 consisted of tubular damage and reversible alterations to the cells of the JGA and closely resemble findings reported after administration of ACE inhibitors. This is not unexpected, as ACE inhibitors reduce circulating levels of All, resulting in diminished feedback inhibition leading to increased renin secretion, while All antagonists are thought to block, at receptor level, the All-mediated inhibition of renin release (13) .
